The developmental rehearsal for the debut of hearing is marked by massive changes in the membrane properties of hair cells (HCs) and spiral ganglion neurons (SGNs). Whereas the underlying mechanisms for the developing HC transition to mature stage are understood in detail, the maturation of SGNs from hyperexcitable prehearing to quiescent posthearing neurons with broad dynamic range is unknown. Here, we demonstrated using pharmacological approaches, caged-Ca 2+ photolysis, and gramicidin patch recordings that the prehearing SGN uses Ca − conductance with respect to the resting membrane potential (RMP) of neurons to confer synaptic plasticity by altering intracellular Cl − (Cl − i ) homeostasis during development. This process transforms depolarizing GABA/ glycinergic-mediated responses in immature to hyperpolarizing responses in mature neurons (1, 2). A similar synaptic switch has been described in auditory brainstem neurons, where the mature GABA/glycinergic-induced inhibitory neurotransmission contributes strongly toward the computation of interaural level and time differences required for sound source localization (3-6). The depolarization mediated by GABA/glycine in early postnatal development 
The developmental rehearsal for the debut of hearing is marked by massive changes in the membrane properties of hair cells (HCs) and spiral ganglion neurons (SGNs). Whereas the underlying mechanisms for the developing HC transition to mature stage are understood in detail, the maturation of SGNs from hyperexcitable prehearing to quiescent posthearing neurons with broad dynamic range is unknown. Here, we demonstrated using pharmacological approaches, caged-Ca 2+ photolysis, and gramicidin patch recordings that the prehearing SGN uses Ca hearing | spiral ganglion neurons | action potentials | calcium-activated chloride channels | development T he dynamic range of neuronal action potentials (APs) resides within voltages that are outside the reversal potentials (E rev ) of most ion currents except Cl − currents, making Cl − conductance the most versatile one in a course of a single AP. Neurons use this adaptable feature of Cl − conductance with respect to the resting membrane potential (RMP) of neurons to confer synaptic plasticity by altering intracellular Cl − (Cl − i ) homeostasis during development. This process transforms depolarizing GABA/ glycinergic-mediated responses in immature to hyperpolarizing responses in mature neurons (1, 2) . A similar synaptic switch has been described in auditory brainstem neurons, where the mature GABA/glycinergic-induced inhibitory neurotransmission contributes strongly toward the computation of interaural level and time differences required for sound source localization (3) (4) (5) (6) -activated Cl − channels (CaCCs). CaCCs are encoded by anoctamin 1 and 2 (ANO1 and 2), also known as transmembrane member 16A and B (TMEM16A and B) genes, which are expressed in epithelia and smooth muscle cells (7, 8) and in sensory cells such as nociceptive dorsal root ganglion neurons (9, 10) , cilia of olfactory cells (11) , and in rods and cones (12) . The prevailing functions of CaCCs are ascribed to the amplification of pain sensation (10) , cone responses (12) , and olfactory signal transduction (13, 14) , although recent reports using TMEM16B knockout mice suggest that CaCCs may play a limited role in signal amplification of olfactory transduction (11) . TMEM16A has been identified in the cochlea in a cell-type-specific manner, showing robust labeling in basal cells of the stria vascularis and efferent endings of the auditory nerve (15) , but its role in the inner ear has not been determined.
The trademark of the developing auditory neuron is the rhythmic and burst-patterned spontaneous AP (SAP), which is thought to shape synapse formation and refinement in the brainstem (16, 17) . In the inner ear, inputs from Ca 2+ -mediated SAPs from developing hair cells (HCs) sculpt the firing patterns of spiral ganglion neurons (SGNs) (18, 19 neurons with a wide dynamic range (20 (17, 18) . Although these patterned activities from HCs may represent the basis of synaptic plasticity in the developing cochlear nuclei (3), we and others have demonstrated that developing SGNs exhibit intrinsic conductances that generate SAPs (21) . Shown in Fig. 1A are SAP firings recorded from P2-P56 SGNs. Noticeably, the RMPs in pre-and posthearing neurons were distinct (prehearing, −56 ± 7 mV; n = 18; posthearing, −64 ± 5 mV; n = 24; P < 0.01). Spontaneously active neurons in the basal and apical turns of the cochlea in prehearing were approximately threefold greater than posthearing neurons ( Fig. 1 A and D) . We reasoned that a Cl − conductance may be an important contributor to the SAP firing of SGNs.
Inhibitors of Cl
− Channels Hyperpolarize the Cell Membrane and
Reduce AP Firing of SGNs. We applied Cl − channel inhibitors to examine the possible roles of the Cl − conductance in SGNs.
Suppression of Cl − conductance with 100 μM niflumic acid (NFA) significantly reduced the firing of SAPs and evoked APs. The inhibitory effect was reversible after washout ( Fig. 1 B and  C) . As shown in Fig. 1B , Middle and Right, 100 μM NFA and another Cl − channel blocker, 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB), significantly hyperpolarized the RMPs in P2 neurons [control: −58 ± 4 mV, NFA: −63 ± 3 mV (n = 9, P < 0.01); control: −59 ± 3 mV, NPPB: −66 ± 5 mV (n = 8, P < 0.01)] and eliminated or reduced the evoked AP firing in P2 SGNs ( Fig. 1 C and D) . In contrast, NFA and NPPB produced moderate effects on the RMPs of P56 neurons [control: −62 ± 2 mV, NFA: −65 ± 2 mV (n = 7, P < 0.05); control: −64 ± 2 mV, NPPB: −67 ± 3 mV (n = 8, P < 0.05)]. The reversible effect of the two Cl − channel blockers further provides evidence that Cl − conductance regulates the excitability of SGNs. . Indeed, UV photolysis of caged Ca 2+ depolarized the RMPs and enhanced AP firing significantly (Fig. S3 ). The effects of caged-Ca 2+ release were more pronounced in P2 SGNs compared with adult neurons (P56) as assessed by alterations of the RMPs (Fig. S3B ) and the firing frequency of AP (Fig. S3D) .
To further address the functional role of CaCCs in SGNs, we directly recorded the Ca 2+ -activated Cl − currents in SGNs by using caged-Ca 2+ photolysis under conditions where only Cl − conductance could be assessed (Materials and Methods). Fig.  2A shows a typical Ca 2+ -activated Cl − current trace recorded from SGNs after UV photolysis. To characterize the currents, we varied the UV-exposure time to record the time-dependent activation of the currents as shown in Fig. 2B . There was a positive correlation between the UV-exposure time and the current amplitude, which approached saturation beyond 700 ms. The UV-exposure time-dependent activation of the Ca 2+ -activated Cl − currents is shown in Fig. 2C with a half-activation time of ∼300 ms. To address features of the Ca 2+ -activated current, we used a dual-ramp pulse to measure the activation and the current-voltage relationship in SGNs as shown in Fig. 2D . The voltage ramp ranged from −80 to 80 mV for 4 s. The first voltage ramp was applied in the absence of UV and the second ramp was applied in the presence UV light as indicated (red bar in Fig.  2D ). The activation time course of the current is shown as an inset with a time constant (τ) of 608 ± 108 ms (n = 6). The difference current, generated by subtracting currents under the two different conditions, was considered as the bona fide Ca 2+ -activated Cl − currents (Fig. 2E) . The estimated equilibrium potential of the Cl − currents (E Cl ) under the recording condition at room temperature is ∼−38 mV. The measured reversal potential for the difference current (E rev ) was −30 ± 3 mV (n = 8), supporting the notion that the current is likely carried by Cl − ions. Next, we estimated the Cl − conductance in SGNs. From Fig. 2A , using a peak current of ∼150 pA, the Ca 2+ -activated Cl − conductance was ∼1.5 nS for the P56 neuron.
We further examined the expression of TMEM16A and B in mouse cochlea sections of P1, P14 (2 wk), and P28 (4 wk) mice. Antibodies directed against TMEM16A and 16B showed positive reactivity in SGNs, suggesting that both TMEM16A and 16B are expressed in SGNs (Fig. 3) . (Fig. S4A ). In support of the evidence that the Ca 2+ -activated Cl − current contributes substantially toward the prehearing SAPs and increased excitability of the developing SGNs, we observed attenuated SAPs and hyperpolarized RMP in prehearing TMEM16A −/− SGNs (P11). The mean RMP for P11 SGNs isolated from TMEM16A −/− was −62 ± 5 mV (n = 15) compared with their WT littermate neurons (−54 ± 4 mV; n = 14; P < 0.01). Additionally, among the 72 neurons that were sampled from the TMEM16A −/− mice, only two (∼3%) were spontaneously active compared with ∼33% in control neurons. Furthermore, the inhibitory effects mediated by 100 μM NFA on AP firing of SGNs from TMEM16A −/− mice were significantly reduced compared with those of WT SGNs, as shown in Fig. S4 B and C. For example, for fast-adapting neurons that elicited a single spike after 200-ms current (0.2 nA) injection (Fig. S4B) , NFA had no significant effect on TMEM16A −/− SGN AP firing (neuron spike frequency before NFA: 5 ± 0 Hz, after NFA: 5 ± 0 Hz, n = 17, not statistically significant). Similarly, in another set of neurons, whose response to current injection was slowly adapting (Fig. S4C) , NFA did not significantly alter the firing frequency of the neurons (before NFA: 25 ± 7 Hz, after NFA: 16 ± 11 Hz, n = 9, not statistically significant). We were unable to evaluate the properties of TMEM16A −/− SGNs in older mice because all null mutation mice died before P21. ] i were high in prehearing neurons (∼90 mM) but plummeted in posthearing SGNs (∼20 mM) (Fig. 4 A-C) .
Changes in [Cl
To further corroborate the findings from gramicidin experiments, we measured [Cl (Fig. 4I) . Using antibodies specific for Na-K-Cl cotransporter 1 (NKCC1) and K-Cl cotransporter (KCC2) in cochlea sections, we demonstrated in Fig. 5 that the two proteins are expressed in the plasma membrane of SGNs (also see Fig. S5 ). However, longitudinal assessment (P1-P28) of the expression profile of the two proteins shows that they are expressed later in development, raising the possibility that developmental regulatory mechanisms of [Cl − ] i in SGNs may lag behind the activity of TMEM16 channels. Thus, a scheme whereby the E Cl is altered during development may help to explain the differential excitability of preand posthearing neurons (Fig. 5C ).
Discussion
CaCCs were first recorded in Xenopus oocytes (24) . The developmental roles of CaCCs became immediately apparent when it was demonstrated that fertilization-mediated Ca 2+ inflow activated CaCCs to induce membrane depolarization, impairing additional sperm fusion and preventing triploidy (24) . Subsequently, CaCCs have been identified and implicated in epithelial secretion (25) ; regulation of photo and olfactory transduction (11, 12, 26) ; and neuronal, cardiac, and smooth muscle function (27, 28) . However, the molecular identity of CaCCs has only been reported recently (27, 29, 30) . TMEM16A and its close paralogue TMEM16B have been demonstrated to encode for CaCCs (31) , whereby in the presence of permissive [Ca 2+ ] i membrane depolarization enhances the current magnitude. The activity of the two proteins confers transepithelial anion transport and smooth muscle contraction, as well as amplifies olfactory signal transduction (28) . Moreover, TMEM16A is overexpressed in several cancer cells and its suppression may mitigate their metastasis (32, 33) . Recently, the expression of TMEM16A was identified in basal cells of the stria vascularis and efferent endings of the auditory nerve (15) , but its functional role in the inner ear is not known. Here, we demonstrate that the transition of SGNs from developing to mature phenotype relies to a major extent on the activity of TMEM16. Pharmacological suppression of Cl − currents in the developing SGNs attenuates SAPs, whereas in quiescent neurons inhibition of Cl − currents promotes membrane hyperpolarization and reduces evoked spike activity. Because the activation of CaCCs can be mediated by Ca 2+ i release and signaling (9, 10), we used caged-Ca 2+ photolysis to demonstrate the CaCCs in SGNs. We then took advantage of a gene-targeted mouse model to document the role of TMEM16A as one of the molecular correlates of CaCCs in SGNs. The expression of TMEM16B in SGNs further raises the possibility that TMEM16A and 16B may form heteromeric channels. Cl − current and evoked AP measurements from SGNs isolated from TMEM16A −/− mice support the functional contribution of TMEM16A to the excitability of SGNs. The importance of TMEM16A in SGNs is underpinned by the surprising revelation that [Cl − ] i is under dynamic regulation in the developing SGNs, ranging from ∼90 mM in prehearing SGNs to ∼20 mM in posthearing neurons. Thus, the expected shift in E Cl transforms a seemingly depolarizing-mediated current to hyperpolarizing current with respect to the RMP of SGNs. The proposed developmental shift in E Cl in SGNs may stem from delay in the expression and activity of Cl − regulatory mechanisms including NKCC1 and KCC2. Even though the activation of the Cl − conductance produces an inward current early in neuronal development, it may nevertheless reduce membrane excitability if its effect on membrane gain exceeds its effect on the net inward current. This possibility can be further addressed using a quantitative model. ] i regulation coincides with temporal changes in the expression and activity of Cl − transport mechanisms as well as the depolarization-tohyperpolarization synaptic transformation in specific brain nuclei (40) . However, in other areas such as the spinal cord and hippocampus (41, 42) the developmental switch in synaptic responses from GABA/glycine-mediated depolarization to hyperpolarization is not consistent with the time course of the maturation of the Cl − regulatory proteins, making it difficult to establish direct causal relations.
Besides nuclear and cell-specific global differences in Cl − regulation in certain regions of the brain, there can be marked modifications in Cl − handling within restricted domains in a given cell. Indeed, as demonstrated in the retina and suprachiasmatic nucleus (43, 44) , the Cl − handling may be delimited to different subcellular compartments, which will afford rapid and privileged synaptic signaling. Thus, it is conceivable that in the network of dendritic arbors a neuron may integrate depolarizing and hyperpolarizing signals, which is mediated by the same neurotransmitter in signal processing. Such finely tuned Cl − homeostasis will require specialized Cl − regulatory capabilities such as cation-chloride cotransporters (45) .
In contrast to the CNS and the spinal cord, there are startling and profound differences in Cl − handling in the auditory brainstem. Increased Cl − accumulation is mediated by the activity of NKCC1 early in development, but it seems that the Cl induced inhibition by way of activation of K v 1 subtype of channels to promote shunting inhibition (4) . Although the nuances of Cl − regulatory mechanism in auditory brainstem neurons are not fully understood and continue to evolve, it is clear that spatial Cl − regulation in distinct subcellular compartments may yield multiple synaptic outputs from limited numbers of neurotransmitters.
Findings from the present study suggest that the developmental roles of CaCCs are not restricted solely to synaptic plasticity, but extend to activity-dependent membrane plasticity that shapes neuronal wiring. Evidently, inhibition or total removal and overstimulation of SGNs of the developing cochlea have profound impact on the number and size of auditory brainstem nuclei (48, 49) . However, these previous studies do not distinguish between the contribution of intrinsically generated SAPs from hair cells or SGNs. New insights into the fundamental mechanisms underlying the transition from hyperexcitability in juvenile stage to adult phenotypes continue to evolve.
Materials and Methods
All animal care and procedures were performed in accordance with National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee of the University of California, Davis.
Isolation and Culture of SGNs. SGNs were isolated and maintained in culture as we have previously described (21) . Immunofluorescence confocal microscopy of the cultured SGNs and cochlea sections was performed as previously described (21) -activated chloride current recording by using UV photolysis, DMNP-EDTA was included in the pipette solution. The pipette solution contained (in millimolar) 30 CsCl, 110 Na-glutamate, 20 Hepes, 0.5 CaCl 2 , and 2 DMNP-EDTA, pH 7.4. The external solution contained (in millimolar) 130 NaCl, 5 MgCl 2 , 10 Hepes, and 1 EGTA, pH 7.4.
To minimize liquid junction potentials (LJPs), we used 3 M KCl agar bridges in all electrophysiological experiments. The LJPs were measured and corrected as described (51) . The LPJs were as follows (in millivolts): NaCl, −2.8 ± 0.8 (n = 106); Na + -gluconate, −4.6 ± 1.8 (n = 98); and Na + -methanesulphonate, −5.2 ± 1.4 (n = 54). We also measured and corrected for the potential across the perforated patches [2.5 ± 1.4 (n = 78)]. See SI Materials and Methods for detailed solutions and recording configurations.
